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Introduction {#s0005}
============

The involvement of protein misfolding and aggregation in several neurodegenerative disorders, including Alzheimer and Parkinson diseases, Huntington\'s chorea and several amyloidosis, has been clearly established over the past 20--30 years [@bb0005]. Only recently, RNA and its interaction with proteins have been recognized important players in neurodegeneration [@bb0010], [@bb0015]. Primary transcripts containing expanded nucleotide repeats form intranuclear RNA *foci* where RNA-binding proteins are sequestered and inactivated, as observed in Huntington\'s, several spinocerebellar ataxias, myotonic dystrophy and C9orf72 [@bb0020], [@bb0025]. RNA--protein interactions facilitate the conversion of the α-rich and prion protein (PrPC) into its infectious β-rich insoluble form (PrPSc) in Creutzfeldt--Jakob\'s disease [@bb0030]. In Alzheimer\'s disease, the translation of aggregation-prone proteins is regulated by iron-dependent ribonucleo-protein interactions [@bb0035]. In many instances, the aggregation of RNA-binding proteins is triggered by a defective transcription and affects the processing of RNA molecules, which leads to progressive cell death [@bb0040]. Many RNA-binding proteins involved in neurodegenerative diseases bind to their cognate mRNAs to inhibit translation through a negative feedback loop of auto-regulation: when a protein concentration is high, binding to its transcript may inhibit further translation [@bb0010], [@bb0045], [@bb0050], [@bb0055]. The ability of nucleic acids to exert a chaperone activity has only recently been described [@bb0060], [@bb0065].

Here, we focused on understanding the role of RNA binding on the behavior of TDP-43, a protein that is able of binding to thousands of mRNA transcripts [@bb0070], [@bb0075]. Among other essential physiological functions, TDP-43 participates in mRNA transcription, splicing, stabilization, translation, transportation and degradation [@bb0080]. The cytoplasmic aggregation of TDP-43 is considered one of the important causative factors for two incurable neurodegenerative diseases, the amyotrophic lateral sclerosis (ALS) and the frontotemporal lobar degeneration with ubiquitin-positive inclusions (FTLD-U) [@bb0085]. Around 40 different TDP-43 mutations are associated with ALS and FTLD-U [@bb0090] (<https://www.molgen.ua.ac.be/FTDMutations>) that are associated with increased TDP-43 insolubility, cytoplasmic localisation and neurotoxicity [@bb0095], but the precise mechanism is unknown. Interestingly, TDP-43 plays an important physiological role in the transport of mRNAs from the nucleus to the cytosol. In ALS and FTLD-U, the protein accumulates in ubiquitinated inclusions in the neuronal cytoplasm and its levels are often reduced in the nucleus [@bb0100].

TDP-43 is a modular protein that contains an N-terminal region with a nuclear localization signal, two tandem highly conserved RNA-recognition motifs (RRM), and a disordered C-terminus containing a glycine-rich low-complexity region [@bb0105]. The RRM domains recognize preferentially single-stranded UG or TG-rich nucleotide sequences [@bb0110]. We recently demonstrated that the isolated RRM tandem repeats are able to aggregate and misfold also in the absence of the remaining protein context [@bb0115]. This evidence is at variance with previous believes that the TDP-43 aggregation is solely mediated by the C-terminus. Conversely, consistent with its role in nucleotide binding and processing, increasing evidence suggests that aggregation of TDP-43 is strongly influenced by the interaction with DNA/RNA, the natural partner of this protein. Dissecting the impact of RNA binding on aberrant self-assembly is thus of the utmost interest, since it could open a completely unexplored avenue toward the design of novel therapies.

The precise effect of nucleic acids binding on the aggregation of TDP-43 remains controversial. Some authors have reported that cognate DNA and RNA can prevent the formation of TDP-43 oligomers and larger aggregates [@bb0120]. The enhancement of TDP-43 solubility upon binding to the 3′UTR of its cognate mRNA was also reported [@bb0125]. Conversely, other researchers demonstrated that RNA can induce TDP-43 fragments to adopt a misfolded conformation that appears to be highly toxic [@bb0030]. However, clarification of this issue could bring further support to the hypothesis that natural interactions can be exploited as a powerful basis for designing molecules able to compete specifically with protein aggregation [@bb0130], [@bb0135], a concept that is quickly catching on. The identification of natural interaction partners that promote the acquisition or maintenance of protein functional native states, acting as small molecule probes or pharmacological chaperones, is an emerging field with potentialities as a strategy to modulate or disrupt detrimental aggregation [@bb0140], [@bb0145].

To clarify the issue, we developed a hybrid approach that makes use of several spectroscopic and microscopy techniques to accurately define the effects of a high-affinity UG-rich aptamer derived from analysis of iCLIP sites [@bb0150], its reverse complementary sequence, and variants with different lengths, on TDP-43 aggregation. We show how RNA aptamers are able to interfere with the TDP-43 aggregation kinetics as a function of their nucleotide composition, binding affinity and length. We also demonstrate that specific RNAs that bind tightly to the sequence can effectively abrogate the deleterious aggregation of the protein. Our work lays the ground toward understanding the mechanism that determines ALS and FTLD-U. It also provides a solid proof of concept to the hypothesis that natural interactions can be exploited to increase protein solubility. A detailed characterization of already known natural interaction partners of aggregation-prone proteins could thus inform the design and betterment of molecular mimics with properties of specific anti-aggregation agents which could, in the future, be used to develop anti-aggregation drugs.

Results {#s0010}
=======

Choice of the sequences {#s0015}
-----------------------

A detailed biophysical characterization of the interactions between TDP-43 and its RNA partners is needed to gain a comprehensive understanding on the interplay between the functional interactions of the protein with nucleic acids and its deleterious deposition. Addressing such characterization is challenging because it requires the protein to be stable in its soluble state for several hours, whereas it is known that full-length TDP-43 readily aggregates within minutes *in vitro* [@bb0155]. In the search for a TDP-43 construct that allowed its biophysical analysis without compromising its aggregation potential, we tested a number of constructs all containing one or both RRM repeats. Their expression showed different behaviors and solubility properties (Fig. S1). After this initial testing, we focused on a construct containing the N-terminus and both RRM domains, henceforth N-RRM1-2, which has the advantage to allow us to test the aggregation behavior of the less characterized N-terminus of TDP-43 and compare it with that of the isolated tandem RRM domains [@bb0115]. The RNA aptamers were designed as variants of a 12-nucleotide single-stranded RNA (RNA~12~) already known to tightly and specifically bind the TDP-43 RRM tandem repeats [@bb0150] ([Table 1](#t0005){ref-type="table"}A). As a control, we used the RNA~12~ reverse and complementary sequence, NegRNA~12~ ([Table 1](#t0005){ref-type="table"}B).Table 1RNA sequences employed in this studyTable 1EntryNameSequence (5′ ➔ 3′)DescriptionARNA~12~GUGUGAAUGAAUUG-rich sequence naturally recognized by TDP-43BNegRNA~12~AUUCAUUCACACReverse and complementary of RNA~12~CRNA~12~S1UAGAGUAUGAUGScrambled version of RNA~12~ 1DRNA~12~S2AAGUGUGGUAUAScrambled version of RNA~12~ 2ENegRNA~12~S1UUAUACCUACCAScrambled version of NegRNA~12~ 1FNegRNA~12~S2CUCACAUUAUCAScrambled version of NegRNA~12~ 2GRNA~36~(GUGUGAAUGAAU)~3~3-fold repetition of RNA~12~ sequenceHNegRNA~36~(AUUCAUUCACAC)~3~3-fold repetition of NegRNA~12~ sequence[^3]

Heat induces a transition toward amyloid-like β-rich conformations in N-RRM1-2 {#s0020}
------------------------------------------------------------------------------

We used circular dichroism (CD) to investigate the secondary structure and thermal stability of N-RRM1-2 measuring spectra at 20 °C before and after heat treatment ([Fig. 1](#f0005){ref-type="fig"}A). The CD spectrum of N-RRM1-2 at 20 °C is typical of a well-folded protein, although with a relatively low ellipticity (-4000 deg cm^2^ dmol^−1^, which represents ca. 12% of α-helical content). This secondary structure is in excellent agreement with what it would be expected from the secondary structure of the N-terminal domain and the two RRM domains [@bb0150], [@bb0160]. When heat was increasingly applied up to 90 °C, we observed a conformational transition with an apparent melting temperature (*T*~m~) of 54.5 ± 1.4 °C ([Fig. 1](#f0005){ref-type="fig"}B). A spectrum recorded lowering again the temperature to 20 °C showed that the transition is irreversible with a significant increase of β-sheet content, indicating that the sample undergoes a folded-to-aggregated transition rather than a reversible folded-to-unfolded one. This is in agreement with previous studies [@bb0165].Fig. 1CD analysis of N-RRM1-2. (A) CD spectrum acquired at 20 °C before heat treatment (continuous line) and after heat treatment (dashed line). (B) N-RRM1-2 melting curve determined according to the variation of the intensity of the minimum at 222 nm as a function of temperature. The melting temperature (*T*~m~) found for N-RRM1-2 is 50.6 °C. An average of three measurements is reported.Fig. 1

To establish whether the β-rich structure formed after thermal denaturation is amyloid-like, we exploited the ability of the fluorescent dye thioflavin T (ThT) to preferentially bind amyloid structures proportionally to the amount of aggregates present in the sample (Fig. S2). The fluorescence intensity associated with N-RRM1-2 in the presence of ThT before heat treatment resulted negligible but increased almost 100 times after heat treatment.

Binding to RNA~12~ or its reverse complementary has opposite effects on the aggregation of N-RRM1-2 {#s0025}
---------------------------------------------------------------------------------------------------

To test the affinity of N-RRM1-2 for UG-rich sequences, we measured the apparent dissociation constant *K*~d~ of the interaction of N-RRM1-2 with the UG-rich RNA~12~ by biolayer interferometry (BLI). The interaction of N-RRM1-2 with RNA~12~ resulted in a *K*~d~ of 6.3 nM ([Fig. 2](#f0010){ref-type="fig"}A, [Table 2](#t0010){ref-type="table"}A). Binding of N-RRM1-2 with NegRNA~12~ occurred with a *K*~d~ of 1.9 μM ([Fig. 2](#f0010){ref-type="fig"}B, [Table 2](#t0010){ref-type="table"}B). These data indicate a tight recognition of the construct with RNA~12~. The decrease in strength of binding of almost 500-fold with NegRNA~12~ compared to RNA~12~ confirms that the interaction is sequence-specific but also shows that TDP-43 may interact, albeit more weakly, with non-UG-rich RNA sequences.Fig. 2BLI curves of N-RRM1-2 binding to sensors saturated with different RNA molecules. (A) N-RRM1-2--RNA~12~, (B) N-RRM1-2--NegRNA~12~, (C) N-RRM1-2--RNA~12~S1, (D) N-RRM1-2--RNA~12~S2, (E) N-RRM1-2--NegRNA~12~S1, (F) N-RRM1-2--NegRNA~12~S2, (G) N-RRM1-2--RNA~36~. No binding curve was defined by N-RRM1-2--NegRNA~36~ association. Ideal N-RRM1-2 concentration for each association was adjusted in accordance to the strength of each binding.Fig. 2Table 2Summary of *K*~d~ for each association pairTable 2EntryAssociation pair*K*~d~ (μM)AN-RRM1-2--RNA~12~6.3 × 10^−3^BN-RRM1-2--NegRNA~12~1.9CN-RRM1-2--RNA~12~S160 × 10^−3^DN-RRM1-2--RNA~12~S275 × 10^−3^EN-RRM1-2--NegRNA~12~S11.65FN-RRM1-2--NegRNA~12~S21.34GN-RRM1-2--RNA~36~22 × 10^−3^HN-RRM1-2--NegRNA~36~ND[^4]

We next sought to explore the possible effects of these interactions on the aggregation kinetics ([Fig. 3](#f0015){ref-type="fig"}). We reasoned that, although ThT is the most commonly used dye to report on amyloid-like aggregation, its strong binding to nucleic acids may interfere with the assay [@bb0170], [@bb0175]. To prevent this possibility, we used the dye ProteoStat. This dye binds to RNA only weakly and did not interfere with the aggregation kinetics, offering a more specific response (Fig. S3). At 37 °C and under a constant agitation, N-RRM1-2 displayed aggregation kinetics characterized by an exponential increase that reaches the fluorescence emission intensity plateau within 24 h, without any noticeable lag phase. Of the initial 15 μM N-RRM1-2 incubated, around 12.5 μM was found aggregated by the end of the assay. When repeating the assay in the presence of RNA~12~, the kinetics strongly slowed down in a concentration-dependent manner ([Fig. 3](#f0015){ref-type="fig"}A): a 1:1 protein/RNA molar ratio induced a noticeable decrease of the slope with a maximum fluorescence associated with ProteoStat of ca. 50% that observed for the isolated N-RRM1-2. This reduction of aggregation was more evident at N-RRM1-2/RNA~12~ molar ratios 1:2 and 1:4, when the apparent degree of aggregate formation was reduced four times, reaching a maximal fluorescence intensity of ca. 25% that of the isolated N-RRM1-2. At these ratios, no plateau was reached within the considered timeframe. Only 7, 3 and 2.5 μM of the protein formed aggregates when incubated with 1:1, 1:2 and 1:4 N-RRM1-2/RNA~12~ ratios, respectively, to be compared to the 12.5 μM N-RRM1-2 found aggregated in the absence of RNA.Fig. 3Kinetics of aggregation and amount of aggregated N-RRM1-2 after 24-h incubation by itself (yellow circles), with protein/RNA ratio = 1:1 (green circles), with protein/RNA ratio = 1:2 (blue circles) and with protein/RNA ratio = 1:4 (red circles). (A) Top panel: N-RRM1-2 with increasing amount of RNA~12~; bottom panel: amount of N-RRM1-2 found aggregated at the end of the assay when incubated with RNA~12~. (B) Top panel: N-RRM1-2 with increasing amount of NegRNA~12~; bottom panel: amount of N-RRM1-2 found aggregated at the end of the assay when incubated with NegRNA~12~. The kinetics are represented proportionately to the variation of the emission fluorescence of ProteoStat™ as a function of time. The fluorescence values are expressed in percentage.Fig. 3

The presence of NegRNA~12~ had a strikingly different effect ([Fig. 3](#f0015){ref-type="fig"}B): at 1:1 and 1:2 protein/RNA ratios, the aggregation kinetics was not altered. At a 1:4 ratio, the N-RRM1-2 aggregation signal reached 80% of its maximum after only 3 h, compared to 9 h required in the absence of RNA. The slope of the curve increased, although the maximum fluorescence intensity associated with the amount of aggregated N-RRM1-2 did not vary. The amount N-RRM1-2 depleted from the solution in aggregates at the end of the assay was not significantly influenced by the presence of NegRNA~12~ (varying from 12.8 to 13.3 μM at increasing NegRNA~12~ concentration).

To check whether the effects observed on N-RRM1-2 aggregation were simply electrostatically mediated or more specifically controlled by the nucleic acids, we repeated the assay in the presence of increasing concentrations of heparin. It might be arguable that a certain minimal effect of heparin on the total amount of aggregate formed (possible reduction of ca. 25%), which anyway is not concentration dependent, but we did not observe any appreciable effect on the aggregation kinetics (Fig. S4).

These results demonstrate that tight binding of N-RRM1-2 to short UG-rich sequences greatly reduces its aggregation. By contrast, the increased aggregation kinetics promoted by high NegRNA~12~/protein molar ratios indicates that the presence of low-affinity interactions may conversely promote aggregation.

Both recognition specificity and binding strength influence N-RRM1-2 solubility {#s0030}
-------------------------------------------------------------------------------

To investigate whether the contrasting effects of RNA~12~ and NegRNA~12~ on the aggregation of N-RRM1-2 are associated with the RNA sequence or only with the nucleic acid composition, we used randomly scrambled RNA sequences from RNA~12~ (RNA~12~S1 and RNA~12~S2) and from NegRNA~12~ (NegRNA~12~S1 and NegRNA~12~S2). The *K*~d~ values of the interactions with RNA~12~S1 and RNA~12~S2 as determined by BLI were still in the low nanomolar range (60 and 75 nM, respectively), but not as tight as for the N-RRM1-2/RNA~12~ pair ([Fig. 2](#f0010){ref-type="fig"}C--D, [Table 2](#t0010){ref-type="table"}C--D). Likewise, the *K*~d~ values of N-RRM1-2 with NegRNA~12~S1 and NegRNA~12~S2 were comparable to that obtained for the parental NegRNA~12~ ([Fig. 2](#f0010){ref-type="fig"}E--F, [Table 2](#t0010){ref-type="table"}E--F). These data suggested that the binding affinity of N-RRM1-2 with these RNAs is mainly determined by the type of bases available but also partially influenced by the nucleic acid sequences. It is also interesting to observe that all sequences had the same percentage of uracil content (30%) and that the main difference between the RNA~12~ and NegRNA~12~ families was the absence of guanine in the latter, where this nucleotide is replaced by a cytosine. This could suggest a role of guanine in binding and an insufficient capacity of uracil to stabilize this protein--RNA interaction.

We also evaluated the effect of the scrambled sequences on the aggregation kinetics of N-RRM1-2. As compared to RNA~12~, both RNA~12~S1 and RNA~12~S2 displayed an inhibitory effect on aggregate formation that was ca. 20% weaker compared to the parental RNA~12~ ([Fig. 4](#f0020){ref-type="fig"}A--B). The slopes became less steep in a concentration-dependent fashion. In contrast, the scrambled versions of NegRNA~12~ exerted no effect on N-RRM1-2 aggregation ([Fig. 5](#f0025){ref-type="fig"}A--B). We can thus conclude that both composition and sequence are relevant for RNA binding and aggregation inhibition.Fig. 4Kinetics of aggregation and amount of aggregated N-RRM1-2 after 24-h incubation by itself (yellow circles), with protein/RNA ratio = 1:1 (green circles), with protein/RNA ratio = 1:2 (blue circles) and with protein/RNA ratio = 1:4 (red circles). (A) Top panel: N-RRM1-2 with increasing amount of RNA~12~S1; bottom panel: amount of N-RRM1-2 found aggregated at the end of the assay when incubated with RNA~12~S1. (B) Top panel: N-RRM1-2 with increasing amount of RNA~12~S2; bottom panel: amount of N-RRM1-2 found aggregated at the end of the assay when incubated with RNA~12~S2. The kinetics are represented proportionately to the variation of the emission fluorescence of ProteoStat™ as a function of time. The fluorescence values are expressed in percentage.Fig. 4Fig. 5Kinetics of aggregation and amount of aggregated N-RRM1-2 after 24-h incubation by itself (yellow circles), with protein/RNA ratio = 1:1 (green circles), with protein/RNA ratio = 1:2 (blue circles) and with protein/RNA ratio = 1:4 (red circles). (A) Top panel: N-RRM1-2 with increasing amount of NegRNA~12~S1; bottom panel: amount of N-RRM1-2 found aggregated at the end of the assay when incubated with NegRNA~12~S1. (B) Top panel: N-RRM1-2 with increasing amount of NegRNA~12~S2; bottom panel: amount of N-RRM1-2 found aggregated at the end of the assay when incubated with NegRNA~12~S2. The kinetics are represented proportionately to the variation of the emission fluorescence of ProteoStat™ as a function of time. The fluorescence values are expressed in percentage.Fig. 5

RNA interferes with N-RRM1-2 aggregation in a length-dependent manner {#s0035}
---------------------------------------------------------------------

To evaluate whether RNA length has any influence on the aggregation kinetics of N-RRM1-2, we designed longer versions of RNA~12~ and NegRNA~12~ consisting in 3-fold repetitions of the sequences (RNA~36~ and NegRNA~36~). The *K*~d~ of RNA~36~ for N-RRM1-2 was ca. 22 nM ([Fig. 2](#f0010){ref-type="fig"}G, [Table 2](#t0010){ref-type="table"}G), that is, three to four times weaker than that of RNA~12~. This affinity reduction could be explained formation of secondary structure and/or by steric hindrance. However, the first explanation is rather unlikely since RNA~12~ repeats are predicted by the Vienna software not to introduce any secondary structure (<https://goo.gl/fRZVC2>), as also seen in the complex of RRM1-2 with the same RNA [@bb0150]. Binding to NegRNA~36~ was so weak that a *K*~d~ could not be determined under the set experimental conditions ([Table 2](#t0010){ref-type="table"}H). Both for RNA~36~ and NegRNA~36~, increase of the RNA length seemed to diminish the likelihood of recognition/interaction.

The influence of the RNA length on N-RRM1-2 aggregation did not directly correlate with the binding affinity: despite RNA~36~ exhibited a weaker binding as compared to RNA~12~, it efficiently prevented N-RRM1-2 aggregation even at 1:1 N-RRM/RNA~36~ ratio ([Fig. 6](#f0030){ref-type="fig"}A) with no increment in the reporter dye fluorescence. Virtually all protein was recovered in its soluble form at assay completion. A drastically opposite effect was observed upon titration with NegRNA~36~, which promoted aggregation already at a 1:2 molar ratio ([Fig. 6](#f0030){ref-type="fig"}B), driving 80% of N-RRM1-2 aggregation within 3 h, effect comparable to the 1:4 N-RRM/NegRNA~12~ ratio. The higher the concentration of NegRNA~36~, the higher was also the rate of precipitation observable also by the naked eye, suggesting not only a faster aggregate formation but also the formation of larger, heavier floccules. This effect is not in discrepancy with the weak affinity observed by BLI, since also weak and unspecific interactions could alter protein aggregation [@bb0180].Fig. 6Kinetics of aggregation and amount of aggregated N-RRM1-2 after 24-h incubation by itself (yellow circles), with protein/RNA ratio = 1:1 (green circles), with protein/RNA ratio = 1:2 (blue circles) and with protein/RNA ratio = 1:4 (red circles). (A) Top panel: N-RRM1-2 with increasing amount of RNA~36~; bottom panel: amount of N-RRM1-2 found aggregated at the end of the assay when incubated with RNA~36~. (B) Top panel: N-RRM1-2 with increasing amount of NegRNA~36~; bottom panel: amount of N-RRM1-2 found aggregated at the end of the assay when incubated with NegRNA~36~. The kinetics are represented proportionately to the variation of the emission fluorescence of ProteoStat™ as a function of time. The fluorescence values are expressed in percentage.Fig. 6

The results obtained with the longer RNAs clearly demonstrated that the length of the binding partner plays an important role in determining the solubility of N-RRM1-2 in solution.

Different RNAs prefer different N-RRM1-2 conformation for their binding {#s0040}
-----------------------------------------------------------------------

To elucidate how RNA~12~ and NegRNA~12~ affect the aggregation of N-RRM1-2, we looked at possible changes of the secondary structure by CD by incubating the N-RRM1-2 with the aptamers at 37 °C for 24 h and recorded the complete spectra individually ([Fig. 7](#f0035){ref-type="fig"}). At *t*~0~ ([Fig. 7](#f0035){ref-type="fig"}A), N-RRM1-2 had a typical secondary structure signature of an α + β protein both in the presence and the absence of RNA. In the absence of RNA, the minimum at \~ 208 nm broadened and lost intensity after 30 min ([Fig. 7](#f0035){ref-type="fig"}B), while a single minimum at 218 nm typical of a β-sheet conformation started to appear; the shift from an α-to-β conformation continued progressively and the spectra became dominated by a β-signal after 24 h ([Fig. 7](#f0035){ref-type="fig"}H). In contrast, addition of RNA~12~ induced a longer persistency of the minimum at 208 nm, suggesting a stabilization of α-helical content. This signal dominated the protein spectrum for the first 8 h ([Fig. 7](#f0035){ref-type="fig"}G), with a slow but progressive loss of the minimum intensity. It was only after 24 h that the α-helical minimum became broad, suggesting the beginning of a conformational transition toward a β conformation.Fig. 7CD analysis of N-RRM1-2 in the presence of RNA~12~ and NegRNA~12~. Yellow line, N-RRM1-2; blue line, N-RRM1-2/RNA~12~ = 1,4; red line, N-RRM1-2:NegRNA~12~ = 1:4. (A) *t*~0h~, (B) *t*~0.5h~, (C) *t*~1h~, (D) *t*~2h~, (E) *t*~4h~, (F) *t*~6h~, (G) *t*~8h~, (H) *t*~24h~. CD data are acquired at 37 °C and are shown from 260 to 190 nm, blanked and normalized according to protein concentration, light path length and number of peptide bonds. Each spectrum represents an average of 10 acquisitions.Fig. 7

The N-RRM1-2 spectra in the presence of the NegRNA~12~ reflected an α-to-β transition similar to that observed for the isolated protein, but the transition appeared faster and the β-signal was more evident. A gradual but constant increment of a new maximum at 245 nm became observable between 4 and 24 h. This signal is commonly associated with the stacking of aromatic amino acids, and its gradual increase could indicate a time-dependent change of the environment caused by aggregation and structural conversion. From these results, a stabilizing effect of RNA~12~ toward a more α-helical rich native-like conformation of N-RRM1-2 is evident. NegRNA~12~ induced instead N-RRM1-2 to adopt a β-rich structure.

RNA binding does not alter the aggregate morphology {#s0045}
---------------------------------------------------

Furthermore, we assessed the impact of the different RNAs on the morphology of the aggregates formed at the end point of the reaction in the absence and in the presence of a 1:4 protein/RNA ratio. We exploited the presence of the fluorescent ProteoStat by confocal fluorescence microscopy to visualize the overall appearance of the aggregates and transmission electron microscopy (TEM) to study the aggregate morphology. The confocal images showed a clear reduction of the aggregates in the presence of RNA~12~ and RNA~36~ ([Fig. 8](#f0040){ref-type="fig"}A, B and D, top panels). Conversely, NegRNA~12~ did not have an appreciable effect ([Fig. 8](#f0040){ref-type="fig"}C, top panels). NegRNA~36~ induced dramatic effects leading to the formation of bigger and more localized aggregates ([Fig. 8](#f0040){ref-type="fig"}E, top panels).Fig. 8Study of aggregates\' morphology. From top to bottom: confocal microscopy images acquired after aggregation with a 40 × magnification, using fluorescence and transmitted light detection, TEM micrographs acquired after aggregation at 5000 × and 15,000 × magnification. (A) N-RRM1-2, (B) N-RRM1-2--RNA~12~, (C) N-RRM1-2--NegRNA~12~, (D) N-RRM1-2--RNA~36~, (E) N-RRM1-2--NegRNA~36~. N-RRM1-2: 15 μM. N-RRM1-2:RNA = 1:4.Fig. 8

TEM micrographs revealed the presence of floccular species with a cotton wool appearance ([Fig. 8](#f0040){ref-type="fig"}A, bottom panels), somewhat reminiscent of the aggregates reported for SOD1, another protein involved in ALS [@bb0185]. The aggregates retained the same morphology in the presence of RNA but became slightly more dense with NegRNA~12~ ([Fig. 8](#f0040){ref-type="fig"}B and C, bottom panels). The effects became more evident with the longer RNA aptamers. The aggregates observed in the presence of RNA~36~ were morphologically quite different being distributed as a thin layer without identifiable fibrillar features ([Fig. 8](#f0040){ref-type="fig"}D, bottom panels). These structures could be representative of an early stage of the aggregation process. As in the confocal micrographs, NegRNA~36~ drove N-RRM1-2 to form large and compact aggregates that readily disrupted the carbon coating of the grids by TEM ([Fig. 8](#f0040){ref-type="fig"}E, bottom panels).

These results suggest that TDP-43 binding to the chosen RNAs does not significantly alter the morphology of the aggregates formed by the N-RRM1-2, but their formation is either enhanced or inhibited depending on the specific nucleic acid sequence.

Predicting the effect of clinically important mutations on RNA binding {#s0050}
----------------------------------------------------------------------

Most disease-associated mutations occur in the C-terminus of the protein that is absent in N-RRM1-2. However, two interesting clinically relevant mutations (P112H and D169G) are in RRM1 [@bb0090]. We used different approaches to predict the effects of mutations on RNA binding using *cat*RAPID, protein stability through FoldX and protein aggregation with Aggrescan3D. *cat*RAPID uses secondary structure predictions and a potential for the van der Waals and hydrogen bonding contributions. Both D169G (*Z*-score − 1) and P112H (*Z*-score − 0.5) mutations led to a decrease of the binding propensities ([Fig. 9](#f0045){ref-type="fig"}). The P112H mutation was predicted in FoldX to destabilize the protein (ΔΔ*G* \> 3 kcal mol^−1^), while D169G was estimated to slightly increase the stability (ΔΔ*G* \< − 1 kcal mol^−1^), in good agreement with a mild increase in the melting temperature of isolated RRM1 observed experimentally [@bb0115]. In addition, we predicted the structural aggregation propensity corrected by the surface exposure using Aggrescan3D. The calculations suggested that the D169G mutation increases the exposed aggregation propensity, whereas the P112H mutation does not change significantly the aggregation propensity. Thus, the reduced RNA binding propensity of P112H is associated with a decrease in stability and mild increase of aggregation propensity. The mutation D169G stabilizes the structure of the two RRM domains but simultaneously increases the aggregation propensity, which in turn reduces the RNA binding propensity. The mutation seems to result in a persistent exposure of the highly aggregation-prone RNA-binding interface, whose aggregation potential is further increased by the mutation itself, thus promoting the formation of toxic aggregates.Fig. 9Prediction of the effects of two clinically relevant mutations. (A) RNA binding affinities computed with *cat*RAPID. The results are presented as the Z-normalized scores with respect to the wild-type. (B) Cartoon representation of the ensemble of 20 conformers of the RRM1-2 resolved in the presence of a high affinity RNA (PDB 4BS2). (C) Prediction of changes in stability upon mutation of the RRM1-2 structure computed with FoldX. (D) Prediction of changes in structural aggregation propensity computed with Aggrescan3d. The black circles highlight the region where D169G in RRM1 induces a shift from low aggregation propensity (blue patch) to medium--high aggregation propensity (light-red patch). (E) The surface of the wild-type RRM1-2 shows overlap between patches with a high aggregation propensity in both RRM1 and RRM2, and the RNA binding site.Fig. 9

Discussion {#s0055}
==========

While protein aggregation has received attention over the last 25 years, an interest on the effects of nucleic acids in aggregation is relatively new. In this work, we studied the effects of RNA interaction with TDP-43, a protein interesting both for its physiological function and for its involvement in human disease.

To understand the mechanism, we dissected TDP-43 into smaller fragments according to the protein architecture. TDP-43 is a modular protein with an N-terminal domain linked by a presumably unstructured region to two RRM motifs that are followed by a C-terminal domain. As other proteins, TDP-43 seems to have multiple aggregation-prone hotspots: the N-terminus was shown to enhance binding activity to RNA and promote oligomerization and toxicity [@bb0190], [@bb0195]. We recently proved that RRM2 is soluble and aggregation resistant, while RRM1 and the two tandem domains are highly aggregation prone and able to form amyloid-like structures [@bb0115]. Other researchers identified sequence stretches in the RRM2 domain with a high potential to form amyloid-like fibrils [@bb0200]. The C-terminus of TDP-43 contains a G-rich low-complexity region and a QN-rich motif that confers prion-like properties involved in the physiological phase transition of the protein [@bb0205].

We chose to use a construct that encompasses both the N-terminus and the RRM domains taking the start from our previous work on the RRM domains [@bb0115]. We decided to include also the N-terminus for various reasons: while the prion-like potential of the C-terminus has been associated to the pathological aggregation of TDP-43 [@bb0210], growing evidence indicates the importance of the N-terminally driven oligomerization for physiological self-assembly into stress granules [@bb0215], [@bb0220]. The N-terminal domain is also involved in the native functional dimerization of the protein, which is considered to increase the risk of aberrant self-interactions and aggregation of the protein [@bb0225], [@bb0230]. Literature assessing how TDP-43 dimerization/oligomerization is directed by the N-terminus has shown that this region participates in the physiological role of the protein by enhancing phase transition [@bb0235]. Deletions or mutations within the first 10 residues of the N-terminal domain disrupt the deposition of a TDP-43 into cytoplasmic inclusions, resulting in a diffuse cytosolic localization [@bb0165]. Oligomerization directed by the N-terminus might thus regulate TDP-43 self-assembly and trigger aggregation, more than the prion-like properties of the C-terminus. A construct similar to that we used was recently shown to foster concentration-dependent oligomerization [@bb0125]. All this evidence indicates that N-RRM1-2 constitutes a relevant model to test the impact of RNA binding on the pathological aggregation of full-length TDP-43 and to model the pathophysiological aggregation of TDP-43.

Our data provide precious information on the molecular events occurring as a consequence of RNA binding. To ensure tight and specific binding, we used an RNA aptamer derived from the literature that binds the RRM repeats tightly and specifically [@bb0150]. We show that binding to the natural sequence improves TDP-43 solubility. Conversely, the reverse or the scramble sequences have the opposite effect. This is an important result that has a number of important consequences. The effects of RNA or DNA binding on TDP-43 have been described before [@bb0120], but none of the previous studies have directly addressed the relationship between nucleic acid binding and protein aggregation in the attempt to understand the molecular mechanisms of disease and used this knowledge to prevent aberrant function. The employment of artificial tags (Flag or vYFP) in the previous studies could also have masked or altered the protein behavior. We have for the first time developed a platform aimed to assess the effects of different RNA molecules on TDP-43 binding and the kinetics of aggregation.

Inclusion of the N-terminus did not significantly affect the binding affinities to RNA, that are comparable but had a noticeable effect on the kinetics of aggregation which are faster and more cooperative for the longer construct: we previously reported that RRM1-2 aggregation curve describes a linear increment and does not reach a plateau within the 48 h of the experiment [@bb0115]. Under identical conditions, N-RRM1-2 displays a significantly faster aggregation described by a concave curve, with a plateau at ca. 24 h. This is well in agreement with a role of the N-terminus in oligomerization [@bb0215]. In fact, we did not observe a distinguishable lag phase in the binding curves of N-RRM1-2 to the fluorescent dye ProteoStat. This aggregation kinetics suggests the absence of a nucleation step, or at least the concomitant existence of nucleation and aggregate growth [@bb0240]. This may indicate the presence of pre-formed soluble oligomers at the very beginning of the assay and is compatible with the reported aggregation curves of other pre-seeded proteins [@bb0245], [@bb0250]. It is also known that both nucleation and aggregate elongation rate determine the slope of the curve [@bb0255]. This implies that inhibition of the aggregation will probably translate into a reduction of the speed by which oligomers grow into large aggregates/fibrillar structures. We identified RNA sequences that efficiently slow down TDP-43 aggregation in a sequence-specific manner. The inhibitory effect of specific RNA aptamers on TDP-43 aggregation was evident from aggregation assays and microscopic analysis. The slope of the aggregation curve of N-RRM1-2 in the presence of RNA~12~ and RNA~36~ is dramatically lower, suggesting a severe delay in aggregate growth. Much smaller TDP-43 precipitates were observed by confocal microscopy and TEM. Likewise, Bradford assays confirm that the addition of NegRNA~12~ and NegRNA~36~ to N-RRM1-2 does not increase the amount of total protein aggregates but accelerates the speed of their formation. For this system, in which the total amount of aggregates probably does not vary with time but new aggregates form by incorporation of new monomers into existing aggregates, the effect of RNA is to slow down an inevitable cascade of aggregate growth. The specificity by which certain RNA sequences (and not others) appear to affect N-RRM1-2 aggregation kinetics leads us to think of the existence of a delicately balanced, highly regulated mechanism controlling temporal and spatial interactions between TDP-43 and its RNA binding partners. Any dysregulation of RNA levels in the cell could lead to an increase in TDP-43 aggregation. Likewise, it suggests that any reduction in the RNA binding efficiency of TDP-43, for instance due to mutations, may reduce protein conformational stability and drive it toward a more severe and more toxic aggregation [@bb0260].

The *K*~d~ values reported in this study as result of our BLI experiments suggested that TDP-43 might interact, albeit less tightly, with non-UG-rich RNAs, and that these interactions could have a destabilizing conformational effect on the protein. Our data also bring new support to the concept of the "conformational selection" model in molecular recognition [@bb0265]. According to our results, TDP-43 binding to nucleic acids can be considered a prime example of the "conformational selection" model, in which the protein can arrange itself in a collection of coexisting conformations with different population distribution. Each one of these conformations selectively binds the most suitable partner, shifting the equilibrium toward this state [@bb0270], [@bb0275]. If this theory were proven correct, TDP-43 could display a wide modulation of specificities and affinities in its interactions with nucleic acids: RNA could either drive the protein toward its aggregation, when inducing it to adopt a more disordered conformation, or act as molecular chaperones, by stabilizing a more soluble state [@bb0280]. The same concept could in principle be extrapolated to other RNA-binding proteins involved in other human disorders. Several reports describe the effects of nucleic acids on the folding of RBPs. It has, for example, been shown that ribosomal RNA can increase the conformational stability of a protein [@bb0285] and that nucleic acid binding can alter the folding of aggregating proteins, leading to their misfolding [@bb0290]. The concept of nucleic acids acting as molecular chaperones has been proposed for mRNA in stress granules, when, as a consequence of stress and translation inhibition, RNA is retained with multiple RBPs and chaperones in response to cellular stress [@bb0295]. In this light, our results support the thesis that sequence-specific nucleic acids can stabilize RBP structures (e.g., UG repeats and TDP-43), but we propose a new theory that an excess of low-affinity RNA might conversely promote RBP aggregation.

Last, but not least, our results shed further light into the hypothesis that aggregation is the dark side of normal function extending the meaning of this statement. It has been suggested and demonstrated in a number of specific cases that functionally important regions on the surface of a protein that have evolved to recognize specific benign cellular partners may be the same that promote aggregation [@bb0130], [@bb0135]. These observations have highlighted a dualism between normal function and aberrant aggregation and proposed the urgency of studying non-pathologic interactions also in the context of misfolding diseases [@bb0300]. Because of its nature of a modular protein with long intrinsically unfolded regions, TDP-43 might provide a complex and interesting paradigm to further develop the concept, which could in turn, in the future, be exploited in the design of RNA-based pharmacological chaperones. The utilization of RNA as a way to increase protein solubility should not be intended as a way to substitute or displace the normal function of the protein since this could be as dangerous as protein aggregation if not more. Future studies aiming at the use of RNA as a solubilizing agent will have to consider instead ways to interfere with aggregation by "chaperoning" the protein to a more stable non-aggregated conformation without interfering with the normal partners. Further studies in cell are thus now needed to assess the effects of these and other RNA sequences on aggregation and physiological function of TDP-43 and other aggregation prone proteins.

Materials and Methods {#s0060}
=====================

Protein production {#s0065}
------------------

A construct encompassing residues M1-Q269 of the TDP-43 sequence (Uniprot entry: Q13148) which includes both the N-terminus and the two RRM repeats (henceforth N-RRM1-2) was cloned into a pET-SUMO plasmid and expressed in Rosetta2(DE3) *Escherichia coli* cells as fusion protein with a N-terminal SUMO solubilization domain and 6xHis tag. Cells transformed with this plasmid were first grown overnight at 37 °C in Luria--Bertani medium containing 50 μg/ml kanamycin. Cell cultures were then diluted 1:100 in fresh Luria--Bertani medium with 50 μg/ml kanamycin and grown to a 0.7 optical density recorded at 600 nm, before adding 0.5 mM IPTG to induce protein expression overnight at 18 °C. Next, cells were collected by centrifugation at 4000 rcf for 20 min at 4 °C, resuspended in lysis buffer \[10 mM potassium phosphate buffer (pH 7.2), 150 mM KCl, 5 mM imidazol, 5% v/v glycerol, 1 mg/ml lysozyme, cOmplete™ EDTA-free Protease Inhibitor tablet by Roche, 1 μg/ml DNase I and 1 μg/ml RNaseA\], and disrupted by sonication. The soluble fusion protein was recovered in the supernatant by centrifugation at 70,000 rcf for 45 min at 4 °C, and isolated by nickel affinity chromatography (Super Ni-NTA agarose resin, Generon), eluting 6xHis-SUMO construct with high-salt phosphate buffer \[10 mM potassium phosphate buffer (pH 7.2), 150 mM KCl\] with the addition of 250 mM imidazole. The 6xHis-SUMO domain was cleaved by incubating the construct with the tobacco etch virus protease (1:20 protein construct/tobacco etch virus molar ratio) overnight at 4 °C, while dialyzing the mixture against low-salt phosphate buffer \[10 mM potassium phosphate (pH 7.2), 15 mM KCl\]. N-RRM1-2 was isolated with a second nickel affinity chromatography and nucleic acids bound non-specifically to the protein construct were removed by heparin affinity chromatography (HiTrap Heparin HP; GE Healthcare) and eluted with potassium phosphate buffer with 1.5 M KCl. Pure N-RMMs was finally obtained with a size-exclusion chromatography performed on a Äkta pure system (HiLoad 16/60 Superdex 75 prep grade column; GE Healthcare). The protein was eluted in low-salt phosphate buffer (10 mM potassium phosphate buffer at pH 7.2 and 15 mM KCl), aliquoted, flash-frozen and stored at − 20 °C. This protocol allowed to obtain a pure protein construct as based on SDS-PAGE and size-exclusion chromatography.

Circular dichroism {#s0070}
------------------

CD spectra were recorded on a JASCO-1100 spectropolarimeter and deconvoluted with the online analysis software DichroWeb [@bb0305]. One-millimeter path-length quartz cuvettes (type S3/Q/1; Starna Scientific) were employed, and constant N~2~ flush at 4.0 L/min was applied. Far-UV CD spectra of 15 μM N-RRM1-2 before and after thermal denaturation were acquired at 20 °C in low-salt phosphate buffer as an average of 10 scans. For measurements in the presence of RNA, the contribution of the isolated aptamers was subtracted from the sample spectra, assuming that the nucleotides do change conformation upon binding to the protein. This assumption was based on secondary predictions which excluded secondary structure formation for all aptamers. N-RRM1-2 thermal denaturation in low-salt phosphate buffer was monitored following changes in CD signal at 222 nm between 20 °C and 90 °C, using a 1 °C/min gradient. The apparent melting temperature (*T*~m~) was derived by fitting the data according to literature [@bb0310].

ThT binding assays {#s0075}
------------------

N-RRM1-2 was speedily thaw, spinned down and filtered with 0.2-μm syringe filter before each assay, to ensure sample homogeneity. Binding of N-RRM1-2 to the amyloid dye ThT upon thermal denaturation was assessed using spectrofluorometry. Protein samples were diluted to 15 μM in high-salt phosphate buffer with a final ThT concentration of 20 μM. ThT fluorescence emission spectra were recorded from 460 to 600 nm with 440-nm excitation wavelength, in a 1-cm path-length quartz cuvette using a Jasco FP-8200 spectrofluorometer (JASCO). Each spectrum represents the average of at least three scans.

Biolayer interferometry {#s0080}
-----------------------

All experiments were performed in high-salt potassium phosphate buffer with the addition of 0.05% Tween on an Octet Red instrument (ForteBio, Inc., Menlo Park, CA) operating at 25 °C. Biotinylated RNA molecules (1 μg/ml) were loaded onto streptavidin-coated biosensors (FortèBio Dip and Read™) for 100 s, to ensure sensor saturation. Binding to N-RRM1-2, with concentrations ranging from 1 nM to 15 μM, was allowed for 200 s, or until the response signal reached plateau. Apparent *K*~d~ values were estimated by fitting the response intensity (nm) as a function of the protein concentration using the Octet Data Analysis Software. Since BLI does not give information about reaction stoichiometry, the data were fitted to a simple 1:1 binding model using non-linear least squares methods (Levenberg Marquardt algorithm).

Aggregation kinetics assays {#s0085}
---------------------------

A previously established protocol for high-throughput monitoring of protein aggregation was specifically customized to allow working in the presence of RNA. The N-RRM1-2 aggregation reaction was monitored on a 96-well plate reader (Corning black with clear flat bottom plates), using a final N-RRM1-2 concentration of 15 μM in high-salt phosphate buffer. The reaction mixture included ProteoStat, a fluorescent aggregation reporter dye, and a broad-spectrum RNAse inhibitor to avoid nucleic acid degradation. A Teflon ball was added to each to ensure sample homogeneity along the kinetics. The plate was sealed with an optic seal to avoid evaporation. The assay plates were incubated at 37 °C under constant ≈ 100 rpm agitation in an Infinite 200 PRO M Plex plate reader (Tecan), and fluorescence intensity was recorded every 5 min. At the end of each assay, samples were collected from the plate and spinned down in 1.5-ml tubes for 20 min at 4 °C and at 13000 rcf [@bb0315]. Concentration of the protein found in the supernatant (soluble protein) was determined by means of Bradford assay, according to a standard curve described by known N-RRM1-2 concentrations in high-salt phosphate buffer [@bb0320]. The experiments were all performed at least in triplicate, and the results were referred to the blank, normalized and reported as percentage average.

Confocal fluorescence microscopy {#s0090}
--------------------------------

Confocal micrographs were acquired at the end of aggregation assays with a confocal TCS SP8 microscope (Leica) using a 40 × oil immersion objective (HC PL APO CS2 40 ×/1.30 OIL). Protein aggregates were imaged using both transmitted light detection and fluorescent detection upon excitation with an Argon laser line at 496 nm and filtering emission between 575 and 625 nm.

Transmission electron microscopy {#s0095}
--------------------------------

The aggregation reaction mixture (10 μl) was loaded onto carbon-coated 400-mesh copper grids, allowing aggregate deposition for 5 min. Excess of aggregated samples was subsequently removed, and the grids were washed with 10 μl of distilled water and dried. The aggregates were negatively stained with 10 μl of 2% uranyl acetate for 1 min. After dye removal, the grids were washed and dried again. Micrographs of adsorbed aggregates were acquired on a JEM-1400 transmission electron microscope (JEOL) operating at a 120-kV accelerating voltage.

Predictions of RNA binding affinities, protein stability and aggregation {#s0100}
------------------------------------------------------------------------

RNA binding was predicted by the *cat*RAPID software [@bb0325]. We calculated 1000 random mutations in the TDP-43 structure (PDB 4BS2) and used them to compute the binding propensities to RNA~36~. Protein stability and aggregation propensity corrected by the surface exposure were estimated by FoldX [@bb0330] and Aggrescan3D [@bb0335], respectively. We selected model 7 from the NMR bundle of 4BS2 as the representative structure according to Olderado (model: <https://goo.gl/zHT31K>) [@bb0340]. Since FoldX is parametrized to take into account DNA molecules but not RNA, we discarded the RNA molecule present in the PDB file.

Appendix A. Supplementary data {#s0105}
==============================
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